A new scheme is proposed to suppress stable and meandering spiral waves in excitable media by generating a self-exciting target wave in a local area. An arbitrary selected grid in the media is sampled, and the sampled signal is fed back into a local area in the media. Numerical simulation results confirm its effectiveness when the scheme is introduced into anisotropic (the diffusion coefficient is perturbed vs. time and/or space) and isotropic media. Results also show the scheme's robustness to spatiotemporal noise.
I. INTRODUCTION
The target wave and rotating spiral wave are vivid and ubiquitous phenomena in a variety of physical, chemical, and biological systems [1, 2] . A target pattern is produced by concentric waves that travel away from rhythmic sources while a spiral wave is generated by a rotating source. It has been confirmed that a spiral wave is linked to cardiac arrhythmia, and instability of the spiral wave will induce spatiotemporal chaos and ventricular fibrillation (VF) [3] [4] [5] that causes rapid death of a heart. Therefore, many schemes such as light illumination, electric field-induction, and electric signal driving have been proposed to impose on the system locally or globally so that the spiral wave could be suppressed as expected. For example, Yuan et al. [10] proposed to suppress spiral wave via a target wave by inputting a period signal locally in the media. Wang et al. [11] used a traveling wave to kill spiral waves and Ma et al. introduced schemes to investigate the dynamics of excitable media via restricting the local amplitude of the activator variable [12] . Weak chaotic signal driving and different external chaotic-modulated electric field have been imposed on the media so that the media could become homogeneous or a breakup of the spiral could be observed [13] . A time-delayed method has been used to control spiral waves successfully [14] [15] [16] [17] . Target wave-induced dynamics on Complex GinburgLandau equation (CGLE) have been discussed in detail [19] [20] [21] . Matthew et al. decided to introduce a spatially localized inhomogeneity into the two-dimensional CGLE in order to produce stationary and breathing target wave patterns [19] . Hu et al. [20] suggested that spatiotemporal turbulence could be killed by generating a target wave via local periodical signal inputting or driving. Jiang et al. proposed a scheme of parameter perturbation so that a target wave could occurred [21] .
The scheme in [22] used linear feedback feeding the linear error between the external standard signal and an activator in a small square in the media back into a small area in the media. When done globally the entire media become homogeneous; when done locally a target wave was observed. In [18] , considering isotropic media, a stable spiral wave was killed and the whole media became homogeneous under global control, and a stable spiral wave was changed into a target wave under local control. Here, we intend to investigate how to convert a meandering and stable spiral wave into a stable target wave in both anisotropic and isotropic excitable media based on the scheme proposed in [18] , including consideration of spatiotemporal noise. The Fitzhugh-Nagumo (FHN) equation, which generates spatiotemporal chaos and spiral waves given the right parameters and initial value, is an ideal model for investigation. The improved and extended scheme was tested using numerical simulations both in the absence of and in the presence of spatiotemporal noise in this model [7, 8] 
where variables u and v describe the activator and inhibitor respectively. Here ∇ 2 = ∂ 2 /∂x 2 +∂ 2 /∂y 2 for the two-dimensional case which was investigated by varying ε with fixed a=0.84 and b=0.07. In the numerical simulations used in this work, the system size was 100×100 and the grid size was 256×256. Simulation confirmed that the spiral wave is stable when 0.01<ε<0.06 under suitable initial values (a stable spiral is observed for parameter ε=0.02, as illustrated in Fig.1 (a) in [12] ). Furthermore, the spiral becomes unstable for ε>0.06 and it finally steps into turbulence after ε>0.07. In this work, the parameters are set as ε=0.04 and ε=0.065 in Eq. (1) to generate a stable rotating spiral wave and a meandering spiral wave respectively. The time step size h=0.02 and the diffusion coefficient D f u =1 without special statements . The numerical algorithm applied for the simulation is the Euler forward difference algorithm with non-flux boundary conditions being used.
II. CONTROL SCHEME AND NUMERICAL SIMULATION
Here we impose the following controller as Eq. (3) on the right side of the first formula Eq.(1).
where i, j are integers corresponding to the discredited x and y variables as x i =(i-1)∆x, y j =(j-1)∆y, ∆x=∆y=100/256 is grid distance, and α and β are integers as well. The control area is selected as a square in the space center with n×n sites (For example, for n=2, α=β=127, 128, for n=5, α=β=126, 127, 128, 129, 130 etc.), u(m, n) and u(i, j) are variables in the system Eq.(1). In addition, u(m,n) is sampled randomly from the system, and the feedback coefficient k is constant. First we investigated the effectiveness of controller Eq.(3) to suppress the meandering spiral wave with parameters ε=0.065, k=3 and the other parameters kept unchanged. The numerical results are shown in Fig.1 and the local control area lies in 125<i, j<131 (5×5 grids are controlled and perturbed).
The numerical results prove that the tip of the meandering spiral wave is driven to the border and begins to disappear, and a stable target wave is observed as soon as the controller Eq. (3) is introduced into the media locally.
A. The diffusion coefficient is perturbed by a periodical signal vs. time
The diffusion coefficient D f u along the y axis is set as D f uy =1+sin(2πt/4.17) to cause an anisotropic state to occur. The parameter ε=0.04, other parameters are kept invariable, and the local control area is 125<i, j<131(5×5 grids are controlled and perturbed).
The numerical results show that the stable spiral wave is completely converted into a target wave even when the homogeneity or diffusion coefficient of media is changed with respect to time. Furthermore, the scheme proved to be robust to spatiotemporal noise.
Compared to parameters for the results in Fig.2 , the parameter ε was adjusted to ε=0.065 while other parameters were kept the same to generate a meandering spiral wave. The results are shown in Fig.3 in the absence of spatiotemporal noise and Fig.4 in the presence of spatiotemporal noise ζ (x, y, t) ( ζ (x, y, t) =0, ζ(x, y, t)ζ(x , y , t ) =D 0 δ(x-x )δ(y-y ) δ(t-t )) with the noise amplitude D 0 =0.002.
The numerical results show that the meandering spiral wave is completely converted into a target wave in the nonhomogeneous media. Furthermore, the scheme proved to be robust to spatiotemporal noise.
Above all, the scheme proved to be useful to suppress the stable and meandering spiral waves in excitable media even when the diffusion coefficient is perturbed with respect to time when a self-exciting target wave, which is generated by a local close-loop feedback from the linear error of a sampling variable, is introduced into the local area of the media. Furthermore, this scheme was found to be robust to spatiotemporal noise. fusion coefficient is determined by the space. Here, we consider the problem when the diffusion coefficient is a function of the grid position coordinate x (x i =(i-1)∆x, i is an integer) and y (y j =(j-1)∆y, j is an integer). For example, we discuss the evolution of spiral waves in excitable media when the diffusion coefficient D f u is changed along y-axis as D f uy =1+0.5sin(x+y). The numerical results are shown in Fig.5 for ε=0.04, k=3 , Fig.6 for ε=0.04, k=3, D 0 =0.002; and in Fig.7 for ε=0.065, k=3, D=0. The local control area lies in 125<i, j<131 (5×5 grids are controlled and perturbed). According to the results in Fig.5, Fig.6 and Fig.7 , the stable or meandering spiral wave is converted into breathing target waves; therefore, the spiral wave is completely suppressed.
We can understand this as follows. The sampling variable in a local area is fed back into the local area, thus the dynamics of the media defined as Eq. (1) changed. According to the characteristics of the target wave, a target wave could be generated. The scheme is robust to certain spatiotemporal noise. Furthermore, when different sampling grids u(m, n) are selected and tested, the results confirm its effectiveness, and it proved to be effective to suppress spiral waves in other excitable media. Now it is interesting to point out the difference between the scheme in [22] and this work. In [22] the feedback signal is determined by the error between the external standard signal, such as a constant signal or a periodical signal, while in this work the external standard signal is replaced by a random sampled signal in the media (the detector in an arbitrary selected grid in the whole media). As a result, the control will stop work automatically only when the media becomes homogeneous; otherwise, a stable target will overcome the stable or meandering spiral wave. Generally, the spiral tip of the stable spiral wave is easy to detect, and schemes easily destroy the spiral tip so that the spiral can be killed, while the spiral tip of the meandering wave is not so easy to be detected. Therefore, we focus on the goal how to suppress the meandering spiral in this paper, considering the heterogeneous factor and spatiotemporal noise as well.
III. CONCLUSION
In this work, the well-known Barkley model, which generates spiral waves with appropriate parameters and initial values, is investigated. A scheme, which involves a self-exciting target wave vs. feedback from a local arbitrarily selected sampling variable into a local area in the media, is used to suppress stable and meandering spiral waves in anisotropic and isotropic media. Our numerical simulation details confirm its effectiveness. Furthermore, the scheme proves to be robust to a certain amount of spatiotemporal noise. Compared to external periodical signal-induced schemes [10, 20, 23] , our scheme has the advantage that the parameters of the media could be unknown, whereas all the parameters of the media must be known to use the schemes in [10, 20, 23] because the external inputting periodical signal calls for an eigenfrequency of the media so that a shorter transient period can be found. In all the present schemes, the parameters of the media are supposed known beforehand. In real world situations, some parameters of the media could be unknown, therefore, our scheme may show some advantages compared to the periodical signal-induced schemes. An interesting open problem is how to identify the unknown parameters in the reaction diffusion system. Perhaps the stochastic resonance could give a clue in this interesting problem. As an example of closed-loop feedback schemes, this calls for new experimental proofs.
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